Secondary active transporters use electrochemical gradients provided by primary ion pumps to translocate metabolites or drugs "uphill" across membranes. Here we report the ion-coupling mechanism of cystinosin, an unusual eukaryotic, proton-driven transporter distantly related to the proton pump bacteriorhodopsin. In humans, cystinosin exports the proteolysis-derived dimeric amino acid cystine from lysosomes and is impaired in cystinosis. Using voltage-dependence analysis of steady-state and transient currents elicited by cystine and neutralization-scanning mutagenesis of conserved protonatable residues, we show that cystine binding is coupled to protonation of a clinically relevant aspartate buried in the membrane. Deuterium isotope substitution experiments are consistent with an access of this aspartate from the lysosomal lumen through a deep proton channel. This aspartate lies in one of the two PQ-loop motifs shared by cystinosin with a set of eukaryotic membrane proteins of unknown function and is conserved in about half of them, thus suggesting that other PQ-loop proteins may translocate protons.
Secondary active transporters use electrochemical gradients provided by primary ion pumps to translocate metabolites or drugs "uphill" across membranes. Here we report the ion-coupling mechanism of cystinosin, an unusual eukaryotic, proton-driven transporter distantly related to the proton pump bacteriorhodopsin. In humans, cystinosin exports the proteolysis-derived dimeric amino acid cystine from lysosomes and is impaired in cystinosis. Using voltage-dependence analysis of steady-state and transient currents elicited by cystine and neutralization-scanning mutagenesis of conserved protonatable residues, we show that cystine binding is coupled to protonation of a clinically relevant aspartate buried in the membrane. Deuterium isotope substitution experiments are consistent with an access of this aspartate from the lysosomal lumen through a deep proton channel. This aspartate lies in one of the two PQ-loop motifs shared by cystinosin with a set of eukaryotic membrane proteins of unknown function and is conserved in about half of them, thus suggesting that other PQ-loop proteins may translocate protons. L ife requires a busy traffic of ions and small molecules across plasma and intracellular membranes, which flows from primary active (ATP-, redox-, or light-driven) transporters to secondary active transporters and channels. While the first class of transport proteins creates the founding transmembrane gradients for this traffic, the second converts them to expand the repertoire of actively transported compounds, and the third dissipates them. Although these three classes of players have long been held as unrelated mechanistic entities, recent exceptional cases of transition between these classes, such as the coexistence of channels and secondary transporters for chloride within the ClC protein family (1, 2) or the conversion of the Na þ , K þ -ATPase to an open channel by a marine toxin (3) , have unveiled similarities in the gating and ion-conduction properties of transporters and channels (4-8)-see ref. 9 for review.
The lysosomal cystine transporter cystinosin (10, 11) may offer a unique starting point to explore transitions between primary and secondary transporters because of its distant homology with microbial rhodopsins (12) . The latter are a group of seven-helix membrane proteins that use retinal, a covalently linked prosthetic group, to absorb light energy for ion pumping or phototaxis function. Although initially discovered in archaea, including the well characterized Halobacterium salinarum proton pump bacteriorhodopsin (13) , homologues have since been found in bacteria, fungi, and algae (14) (15) (16) . The sole homology with mammalian proteins documented thus far is their distant relationship with the cystinosin protein family (12) . The evolutionary relationship, if any, of microbial (type I) rhodopsins with animal (type II) opsins remains unclear (14) .
Cystinosin has been identified as the causative gene product of cystinosis (10) , a rare, autosomal recessive human disease (OMIM 21980) caused by defective efflux of cystine from lysosomes (17, 18) . It starts with growth failure and proximal renal tubulopathy in the first year of age and evolves into terminal kidney failure and multisystemic damages if left untreated. Juvenile and nonnephropathic, adult forms have also been described (19, 20) . Cystinosin orthologues are only found in eukaryotes (10, 21) . Human cystinosin possesses seven putative transmembrane α-helices (TMs), with a large (120 amino acids), glycosylated Nterminal domain facing the lysosomal lumen and a short cytosolic C terminus containing a sorting motif responsible for its delivery to late endosomes and lysosomes (22) . Another distinctive feature of the cystinosin sequence is the presence of a duplicated motif (InterPro database entry # IPR006603; http://www.ebi.ac. uk/interpro/), termed PQ-loop motif after the presence of a conserved proline-glutamine dipeptide (12, 23 ) (see blue stretches in Fig. 1 ). The functional significance of PQ loops remains unclear, the sole evidence being a contribution to lysosomal targeting without assignment, however, to specific residues (22) .
In this study, we investigated the ion-coupling and transport mechanism of cystinosin using voltage-clamp analysis. We show that it cotransports protons and cystine, and that cystine binding is coupled to protonation of a clinically relevant, membraneburied aspartate located in the second PQ loop. This aspartate undergoes reversible protonation upon cystine binding-unbinding, and it apparently receives its luminal proton through a deep access channel spanning approximately 65 percent of the membrane electric field. Our data suggest that PQ loops are core elements of the transport mechanism and that other PQ-loop proteins may translocate protons.
being topologically equivalent to the lysosomal lumen). Some membrane transporters display an electrodiffusive conductance induced by, but uncoupled from, their transport activity (24) (25) (26) . We thus tested whether the cystine-evoked current is tightly associated with cystine uptake by applying radiolabelled cystine to voltage-clamped oocytes. Scintillation counting of oocytes recorded at various extracellular pH values and membrane potentials showed that the time integral of the currents was proportional to the amount of accumulated [ 35 S]cystine, with a slope of 1.18 elementary charge per cystine molecule (r 2 ¼ 0.9927, n ¼ 45) (Fig. 2 C and D) . Because cystine is zwitterionic at 3 < pH < 7.5, this implies that it is cotransported with one monovalent cation or exchanged for one monovalent anion. Replacement of extracellular Na þ with Li þ or choline did not alter cystine-evoked currents (Fig. S2A) . On the other hand, apposition of a H þ -selective microelectrode to voltage-clamped oocytes under lowered buffer concentration showed that cystinosin activity is associated with local extracellular alkalinization (Fig. 2E) . The magnitude of the pH signal correlated with the steady-state current (Fig. 2F ) and the introduction of a loss-of-function point mutation (G308R) causing infantile cystinosis (11, 27, 28) abolished both the current and extracellular alkalinization responses ( Fig. 2E and Fig. S2C ). We concluded from the above data that human cystinosin cotransports H þ and cystine with a 1∶1 stoichiometry. Other potential stoichiometries (2H þ ,1Cl
were excluded by replacing extracellular Cl − with gluconate or raising extracellular K þ up to 100 mM (Fig. S2 A and B) .
Substrate Selectivity. We next tested the ability of several amino acids (1 mM) to evoke currents in cystinosin-expressing oocytes. Although earlier studies suggested that some amino acids compete with cystine transport (11, 29) , none of the canonical L-amino acids, including L-cysteine, induced current ( Fig. S2 D and E) , implying that they are not translocated. L-selenomethionine (1 mM) elicited a small inward current, whereas cystine analogues such as L-selenocystine and L-cystathionine induced robust currents (Fig. S2F ), in agreement with earlier biochemical studies (29) . These data indicate that cystinosin, unlike most lysosomal transporters (30) , has narrow substrate selectivity.
pH and Voltage Dependence of the Steady-State Current. We next examined the dependence of the steady-state current on cystine concentration under diverse membrane potential (V m ) and extracellular pH (pH out ) conditions, by applying voltage jumps in the presence of increasing concentrations of L-cystine ( Fig. 3 A  and B) . Michaelis constant (K m ), Hill number and maximal current (I max ) values derived from the saturation curves are shown in Fig. 3 C-E, respectively. The transport activity followed Michaelis-Menten kinetics over the voltage and pH ranges tested ( Fig. 3 B and D) . Intriguingly, the voltage dependence of the K m for cystine was strongly affected by pH out . Whereas K m was minimal (75 μM) and independent of V m at pH 5.0, it increased exponentially with V m for pH values ≥6.0 ( Fig. 3C and Fig. S3 ). In contrast, the maximal current (I max ) displayed the same linear dependence on V m regardless of pH out (Fig. 3E) .
The most parsimonious hypothesis accounting for the peculiar voltage and pH dependence of K m is to postulate (i) that cystine binding is favored by protonation of a residue accessible to the extracellular compartment (equivalent to the lysosomal lumen) and (ii) that this residue is buried in the membrane, thereby sensing a local pH influenced by the membrane potential. At pH out 5.0, this residue would be fully protonated over the voltage range tested (−100 to þ20 mV), thus ensuring maximal affinity for cystine. At pH ≥ 6.0 and V m > 0 mV, it would be partly deprotonated, resulting in lower cystine affinity; however, membrane hyperpolarization would rescue full protonation and high-affinity cystine binding by attracting extracellular H þ around the protonatable residue. Conversely, membrane depolarization should alkalinize the residue microenvironment and, therefore, decrease cystine binding. In this model, the relationship between the microenvironmental pH around the protonatable residue and the bulk pH out follows a Woodhull equation (31), thus explaining the exponential voltage dependence of K m (see SI Text).
Cystine-Bound Cystinosin Shows Capacitive Charge Movements. As mutational analysis of steady-state currents was inconclusive, we used transient kinetic analysis to test our working model. We reasoned that protonation and deprotonation from/to the extracellular compartment of a residue buried in the electric field might elicit detectable and opposite charge movement. Because fast application of cystine proved difficult, we used a different approach (32, 33) consisting of applying voltage jumps before and after equilibrating oocytes with a saturating concentration of cystine (1 mM). After raw trace subtraction, cystine-dependent responses might reveal transient currents associated with shifts of the cystinosin protonation equilibrium towards protonated or nonprotonated states according to our model. These experiments were performed at pH out 7.5 to minimize transport activity. Fig. 4A shows the outcome of such an experiment for a cystinosin-ΔGYDQL-EGFP oocyte. At this slightly alkaline pH, the steady-state current evoked by cystine was almost absent. Depolarizing and subsequent repolarizing steps induced robust outward and inward cystine-dependent transient currents, respectively, indicating that the voltage jumps trigger charge movements in the cystine-bound state of cystinosin. Hyperpolarizing jumps had opposite effects, yet with a much lower magnitude, a feature indicating that the electrogenic transition challenged by the voltage jumps is almost fully shifted to one state at the holding potential (−40 mV).
The capacitive origin of the transient currents carried by cystine-bound cystinosin was supported by the fact that identical time integrals (ΔQ) of the transient currents were obtained upon stepping from (ON steps) and back to (OFF steps) the holding potential (Fig. 4B ). This voltage dependence was well fitted by a Boltzmann function:
where z is the fraction of elementary charge moving in each cystinosin molecule, δ Ã the fraction of the electric field across which the charge moves, Q max the maximal amount of movable charges for the whole population of cystinosin molecules and V 0.5 the membrane potential at which charge movement is half-completed (32) . Mean Q max , V 0.5 , and zδ Ã values of 8.12 AE 0.05 nC, þ63.7 AE 3.0 mV and 0.64 AE 0.01 were derived from the ON and OFF curves (n ¼ 5). From Q max , we derived the number (N) of cystinosin molecules expressed at the oocyte plasma membrane based on the identity:
where q is the elementary charge. This yielded a mean number of approximately 8 × 10 10 cystinosin molecules per oocyte in our conditions. Combined measurement of Q max (at pH 7.5) and the steady-state current evoked by a saturating cystine concentration (at pH 5.0) showed that I max is proportional to Q max , with a slope of 43 s −1 (Fig. 4C) . From this value, we derived a transport cycle turnover (I max ∕N) of 28 s −1 at pH 5.0.
Cystine-Dependent Charge Movements Are Carried by Extracellular
Protons. We used two independent approaches to determine whether the charge movements reflect proton transfer events or electrogenic conformational changes. Firstly, we examined whether a change in pH out shifts their midpoint voltage, V 0.5 . This midpoint corresponds to the voltage at which the two states of the electrogenic transition are equally populated. If this transition is a protonation equilibrium, at V 0.5 the local pH around the protonatable site is equal to its pK a (pK a2 , cystine-bound protein). Therefore, according to our model, V 0.5 should be related to the pK a2 and the fractional depth, δ, of the protonatable site relative to the extracellular compartment by the Woodhull equation:
A shift in pH out should thus shift V 0.5 by:
The depth δ in Eq. 4 can be deduced from the elementary distance δ Ã of the charge movement if we make an additional assumption on the valence, z, of the elementary charge moved. We previously determined that, regardless of the charge movement mechanism, zδ Ã ¼ 0.64 (Fig. 4B) . If the totality of the charge is carried by a single proton (z ¼ 1) transferred from the extracellular medium to the buried site (δ Ã ¼ δ), δ would equal 0.64 and we would expect a decrease of V 0.5 by −90.9 mV when pH out increases by 1 pH unit. If two protons are transferred through a fractional length δ Ã ¼ 0.32, we would expect a V 0.5 shift of −182 mV. On the contrary, if the charge movement is predominantly carried by intrinsic charges of the protein rather than extracellular protons, V 0.5 should not depend on pH out in a predictable manner.
To discriminate between these possibilities, we recorded cystine-dependent transient currents at both pH out 7.5 and 8.5. Representative traces, representative Q-V m relationships, and mean values of the Boltzmann distribution parameters are shown in Fig. 5 A, B , E, and F, respectively. Strikingly, not only did V 0.5 decrease at pH out 8.5 (−29.3 AE 3.0 mV, n ¼ 8 oocytes, ON steps) relative to pH out 7.5 (66.7 AE 4.4 mV), as expected for a protonation equilibrium open to the extracellular medium, but the extent of the ΔV 0.5 shift (−96.0 AE 7.4 mV) was consistent with our working model and the elementary transfer of one proton through 64% of the electric field (Fig. 5F ). The transient current is thus carried by a single proton moving across the transmembrane electric field. This may occur either by physical transfer of the proton along a narrow (hence voltage-sensitive) access channel (34, 35) or by occlusion of the bound proton from the extracellular solution; in the latter case, the electric field moves across the fixed (bound) charge (36) .
To confirm this conclusion and discriminate between the two structural models, we next examined whether the charge move- 37) . We thus recorded cystinosin in standard water-based saline at pH 7.5 and in the corresponding heavy water solution at a pDð-logð½D þ Þ value of 7.5 ( Fig. 5 C and D) . In agreement with these predictions, we observed that D 2 O induced a rightward shift of V 0.5 by þ60.6 AE 13.2 mV (ON steps, n ¼ 8; Fig. 5F ) and increased decay times by an average factor of 1.93 AE 0.05 (ON steps, þ20 to þ130 mV range; Fig. 5G ) relative to H 2 O.
Taken together, these experiments are consistent with the view that the transient currents are carried by a dehydrated proton transferred from/to the extracellular compartment through a high-field access channel (proton wire) spanning 64% of the voltage gradient.
Noticeably, when protons are 10 times less abundant in the external solution (pH out 8.5 vs. 7.5), transient currents were selectively slowed down at negative potentials (Fig. 5G)- i.e., when protons enter the access channel but not when they leave it, in good agreement with the access channel model. The modest imbalance between ON and OFF charges observed at negative potentials and pH out 8.5 ( Fig. 5 B and E) might originate from the existence of an additional, minor fast transient component that could not be properly separated from the oocyte membrane capacitance (thus escaping notice) at ON, but not OFF, steps. Quantitative analysis of the τ-V m curves indicated that the energy barrier for proton transfer is located halfway along the access channel (see SI Text).
Neutralization-Scanning Mutagenesis Identifies D305 as the Proton
Binding Site. We next performed a neutralization scan of protonatable residues to identify the proton binding site coupled to cystine binding. The scan was restricted to evolutionarily conserved residues, based on the fact that human cystinosin complements a yeast strain deleted for its putative orthologue Ers1 (21) . Both strictly conserved residues and those changed to other protonatable amino acids across species were included, regardless of the predicted topology. This represents a set of 15 residues, which were individually changed to isosteric, nonprotonatable side chains. Fluorescence microscopy showed that none of the mutations prevented surface expression of cystinosin-ΔGYDQL-EGFP, thus allowing functional analysis. Four mutations strongly reduced (D161N) or abolished (D205N, D305N, K335Q ) the steady-state current (Table S1 ). We then performed transient kinetic analysis to determine which protonatable residue(s) are required for the charge movements. Several mutations affected their intrinsic properties by: decreasing the midpoint potential (Y281F, K335Q, D205N and, to a lesser extent, Y143F and D161N); altering the dielectric distance δ Ã (Y143F, R152Q, K335Q); and slowing down (H211F) or accelerating (Y281F, K335Q) the time course (Fig. 6 D and E and Fig. S4 ). However, only one charge-neutralizing mutation, D305N, abolished the transient currents ( Fig. 6 B and C) , though the D305N protein was expressed at the plasma membrane ( Fig. 6B and Fig. S1 ). The absolute, unique dependence of transient currents on D305, combined with the fact that they are carried by protons, strongly suggests that they reflect protonation/deprotonation of the D305 side chain.
Noticeably, the conservative mutation D305E also abolished transient currents at all membrane potentials tested ( Fig. 6 B and C and Fig. S5 ), despite the modest pK a shift ( þ0.4 units) theoretically induced by this mutation. Possible explanations could be that the larger glutamate side chain disrupts the proton wire or that its carboxyl group is locked in a protonated state because it reached a hydrophobic environment.
D305 Is Evolutionarily Conserved in a Subset of PQ-Loop Motifs. D305 is located within the second PQ motif of cystinosin (Fig. 1 ), yet it does not belong to the consensus sequence defining PQ loops (12, 23) . We thus asked whether the presence of an acidic residue at this position has a broader significance among PQ-loop proteins. Among 893 PQ-loop motifs downloaded from the SMART database (38) , 24% had an acidic residue at the position equivalent to D305 (Table 1) . Among the 384 proteins harboring two PQ loops (like cystinosin) in this set, 46% had an acidic residue at the spotted position in one motif; however, none scored positively for both motifs. Intriguingly, while aspartate and glutamate residues had similar occurrences at protein level, a bias was observed in their distribution along the primary sequence: Whereas the N-terminal PQ loop showed a strong preference for glutamate over aspartate, the second PQ loop exclusively showed an aspartate (as in cystinosin) when an acidic residue was present at the spotted position (Table 1) . Overall, our study and the fact that PQ-loop motifs are found in membrane proteins (Fig. S6) raise the possibility that other PQ-loop proteins may translocate protons. This could be the case of MPDU1, an endoplasmic reticulum protein defective in congenital disorders of glycosylation (39, 40) and required for utilization of mannose-P-dolichol (41), because it possesses a glutamate at the position equivalent to D305 in its first PQ loop.
Discussion
In this study, we show that human cystinosin operates as a 1∶1 proton/cystine symporter; we identify a proton binding site cooperatively coupled to cystine binding; and we show that this proton binding site is nested within a PQ-loop motif and buried in the membrane, yet open to the lysosomal lumen probably through a proton wire.
Properties of the Binding Site for Luminal Protons
The location of the proton binding site in the transmembrane electric field is supported by the fact that hyperpolarization could compensate for an increase in pH out in both K m -V m and Q-V m relationships. Similar relationships between the driving ion concentration and membrane voltage have been previously reported for other transporters (32, 33, (42) (43) (44) . As mentioned above, the driving ion may sense the voltage drop either because it migrates along an access channel (35) or because it is occluded after binding (45) . The latter mechanism is supported by structural studies in several secondary active transporters (see ref. 46 for review), whereas the former is well documented in P-type ATPases (4, 47-50), rotary ATPases (51), bacteriorhodopsins (13) and ClC chloride transport proteins (52). Although we cannot totally exclude an ion occlusion mechanism for cystinosin, our deuterium isotope substitution experiments apparently favor the access channel model. The approximately twofold kinetic effect observed in cystinosin, which is identical to the conductance decrease of voltage-gated proton channels in D 2 O (37), is consistent with the transfer of naked protons along hydrogen-bonded chains (proton "wire").
It may be objected that the kinetics of the transient currents (100 to 250 s −1 at pH out 7.5) is orders of magnitude slower than that of typical ion channels (10 6 -10 7 s −1 ). However, such a comparison would be misleading because the concentration of the permeating species is much lower with protons (3.10 −9 to 10 −5 M in our study) than other ions. When compared to proton channels, the access channel of cystinosin is in fact as fast as gramicidin (approximately 100 H þ s −1 at pH 7 and 100 mV) and only approximately 30-fold slower than voltage-gated and F 0 proton channels (3,000 to 6;000 H þ s −1 ) (53-56) (see also SI Text). Interestingly, proton transfer was strongly slowed down (four-to eightfold depending on the voltage jump) after neutralizing H211 (Fig. 6E) , thus suggesting that this residue might participate in the proton wire.
Another significant feature of the proton binding site is its dielectric depth in the membrane, as it is separated from the lysosomal lumen by approximately 65% of the membrane electric field. This suggests that D305 acts as a relay site for proton translocation rather than as an allosteric regulatory site. The luminal proton bound to D305 may thus be released to the cytosolic side at subsequent steps of the transport cycle. However, it should be noted that protonation of D305 is not sufficient to complete the transport cycle since steady-state current remained low at pH out ≥ 7.0 when the membrane was hyperpolarized. Another luminal proton should thus bind elsewhere, possibly to D205 or D161, in a voltage-independent manner to promote continuing transport. This second luminal proton may regulate the conformational change of the loaded transporter to a cytosol-facing state; help D305 release its proton to the cytosolic side; or promote the backward conformational change of the empty transporter.
Cystine Binding Presumably Shifts the pK a of D305. The cooperativity between proton and cystine binding is supported by two pieces of evidence: (i) pH out or voltage conditions that favor protonation increase the apparent affinity for cystine (Fig. 3C) and, conversely, (ii) cystinosin binds luminal protons (through an electrogenic process) in the presence of cystine (Fig. 5) . The strict and unique dependence of the latter process on the presence of an aspartate at position 305 strongly suggests that its side chain is the proton acceptor. In agreement with this crucial role, mutation of this residue to glycine or tyrosine causes infantile cystinosis (27, 28) .
Which mechanism underlies this cooperativity? An answer can be inferred if we compare the effective pK a derived from steadystate and transient current analyses. Application of Eq. 3 to V 0.5 values obtained at pH out 7.5 or 8.5 yields a pK a2 of 8.2 for the cystine-bound state. Similarly, a pK a2 of 7.9 can be derived from the τ-V m curves (see SI Text). On the other hand, a kinetic model of the K m -V m curves yields an effective pK a1 of 6.3 for the cystine-free state of cystinosin (see SI Text), thus suggesting that cystine binding might promote proton binding by increasing the pK a of D305 by approximately 2 pH units. As our model was deliberately simplified and blind to states with an inward-facing (toward the cytoplasm) substrate-binding site, this tentative conclusion should be directly tested in the future using voltage jump experiments in the absence of cystine.
In evolutionarily divergent proton pumps, a membrane-buried aspartate acts as a central proton relay site accessible through proton channels and proton loading/unloading throughout the pumping cycle is ensured by pK a shifts caused by movements of a nearby positively charged residue-see ref. 57 for review. Future studies may explore whether cystinosin handles luminal protons in an analogous way and may identify side chains stabilizing the protonated and deprotonated states of D305. Notice- ably, mutation Y281F decreased V 0.5 by −110 mV (Fig. 6D) . This shift would correspond to a 1.2-unit decrease in the pK a2 of D305, raising the possibility that Y281 might be a hydrogen bond acceptor stabilizing the protonated state of D305. However, Y281F might also act through indirect structural alterations, as highlighted by the existence of several mutations with similar, yet lesser, effect scattered along the primary sequence. Structural approaches are needed to discriminate these possibilities.
Material and Methods
Expression of Human Cystinosin in Xenopus Oocytes. Experiments were performed in agreement with local and national guidelines for use of animals and their care. Ovarian lobes were extracted from Xenopus laevis females under anesthesia and oocyte clusters were incubated on a shaker in OR2 medium (85 mM NaCl, MgCl 2 1 mM, 5 mM Hepes-K þ pH 7.6) containing 2 mg∕mL of collagenase type II (GIBCO) for 1 h at room temperature. Defolliculated oocytes were sorted and kept at 19°C in Barth's solution (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.33 mM CaðNO 3 Þ 2 , 0.41 mM CaCl 2 , 10 mM HepesNa þ pH 7.4), supplemented with 50 μg∕mL of gentamycin.
Capped cRNAs were synthesized in vitro from linearized pCRII and pOXðþÞ plasmids (see SI Methods) using mMessage-mMachine T7 and SP6 kits (Ambion), respectively. Oocytes were injected with 50 ng of cRNA using a nanoliter injector (World Precision Instruments). Expression of EGFP-tagged constructs at the oocyte surface was verified under an Eclipse TE-2000 epifluorescence microscope (Nikon) with a 4x objective lens and used to preselect oocytes with highest expression levels for electrophysiological recording. Epifluorescence micrographs were acquired with a CCD camera (Coolsnap) and processed using ImageJ.
Voltage-Clamp Analysis. Electrophysiological recording was performed at room temperature usually two days after cRNA injection. Voltage clamp was applied using an OpusXpress 6000A workstation (Molecular Devices) or a rapid perfusion setup with an O725C amplifier (Warner Instrument) and two borosilicateglass microelectrodes filled with 3 M KCl (0.3-2 MΩ tip resistance) and an Ag∕AgCl reference electrode located close to the oocyte. Currents were recorded using a Digidata 1320 interface and the pClamp software (Molecular Devices).
Oocytes were perfused with ND100 solutions (100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 5 mM HEPES or MES adjusted to the required pH with CsOH) supplemented, or not, with L-cystine or other compounds (all from Sigma). For isotope effect experiments, we used 99.8% deuterium oxide (Euriso-Top) as a solvent and adjusted the pD of the ND100 solution with CsOH by adding a correction of 0.40 units to the nominal reading of the pH meter (37) .
Steady-state currents were generally recorded using the automated OpusXpress 6000A workstation and robotic compound delivery from 96-well plates. Current traces acquired at a constant holding potential (−40 mV) were filtered at 5 Hz and sampled at 500 Hz. Blank application of ND100 buffer from the OpusXpress liquid handler generated a small outward-current artefact that was subtracted from cystine-evoked currents in subsequent data analysis. To characterize the voltage dependence of steady-state currents, traces were filtered at 500 Hz and sampled at 6.25 kHz, and voltage steps were applied from þ20 mV to −100 mV with −10 mV increments. Saturation kinetics of control cystinosin-ΔGYDQL were analyzed using eight cystine concentrations ranging from 7.8 μM to 1 mM, the maximal achievable concentration at pH ≥ 5.0. For practical reasons, this range was narrowed to 32 μM-1 mM when this analysis was repeated on the various point mutants of this study.
Transient currents were recorded on the conventional setup using a tubular perfusion chamber that allows a fast, laminar flow around the oocyte. The perfused solution was changed manually by means of a motorized valve. Currents were filtered at 1 kHz and digitized at 50 kHz. Oocytes previously equilibrated in the ND100 buffer at pH 7.5 or 8.5 without cystine were held at −40 mV and stepped from þ130 mV to −130 mV with −10 mV increments. Steps were repeated after cystine (1 mM) was applied at the same pH for approximately 20 s and, subsequently, after a 1-min wash to check the stability of current traces. Waterinjected oocytes showed small, fast, symmetrical cystine-dependent transients, which varied in magnitude and direction among experiments (compare Figs. 4A and 6B ). These variations presumably reflect minor changes in the oocyte passive capacitance caused by slight pH differences (≤0.02 Units) between the cystine-containing and cystine-free media.
Current traces were analyzed offline using the Clampfit 9 software (Molecular Devices). Graphs and nonlinear regressions were performed using SigmaPlot (Systat Software). Results are expressed as mean AE s:e:m, with the number of oocytes indicated in parentheses. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by the post hoc Dunnett's test, or Kruskal-Wallis nonparametric one-way ANOVA with post hoc Dunn's test, as appropriate.
Cystine Uptake Under Voltage Clamp. L-½ 35 Scystine (Perkin-Elmer) solutions were applied to oocytes under two-electrode voltageclamp on the conventional setup. After recording, electrodes were disimpaled, oocytes were briefly washed in chilled buffer and the accumulated radioactivity was counted in Emulsifier-Safe cocktail (Packard) using a Tri-Carb 2100 TR liquid scintillation analyzer (Packard). Cystine concentrations (8 μM to 1 mM), the pH of ND100 solution (5.0 to 6.5) and holding potentials (−20 to −80 mV) were varied to obtain a wide range of cystine uptake values.
Extracellular pH Recording. Extracellular pH measurements were performed as previously (58) . Briefly, H þ -selective microelectrodes, previously silanized with dichlorodimethylsilane (Sigma), backfilled with the proton ionophore B (Fluka) and filled with 150 mM NaCl, 23 mM NaOH, 40 mM KH 2 PO 4 , pH 6.8, were placed close to the voltage-clamped oocyte at a holding potential of þ20 mV or −80 mV. Cystine-evoked currents and local extracellular pH variations were simultaneously measured using external bath solutions buffered with 0.2 mM MES at pH 5.0 or 6.0. (See also SI Methods.)
